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SynechococcusHigh light poses a threat to oxygenic photosynthetic organisms. Similar to eukaryotes, cyanobacteria evolved
a photoprotective mechanism, non-photochemical quenching (NPQ), which dissipates excess absorbed ener-
gy as heat. An orange carotenoid protein (OCP) has been implicated as a blue-green light sensor that induces
NPQ in cyanobacteria. Discovered in vitro, this process involves a light-induced transformation of the OCP
from its dark, orange form (OCPo) to a red, active form, however, the mechanisms of NPQ in vivo remain
largely unknown. Here we show that the formation of the quenching state in vivo is a multistep process
that involves both photoinduced and dark reactions. Our kinetic analysis of the NPQ process reveals that
the light induced conversion of OCPo to a quenching state (OCPq) proceeds via an intermediate, non-
quenching state (OCPi), and this reaction sequence can be described by a three-state kinetic model. The con-
version of OCPo to OCPi is a photoinduced process with the effective absorption cross section of 4.5×10−3 Å2
at 470 nm. The transition from OCPi to OCPq is a dark reaction, with the ﬁrst order rate constant of ~0.1 s−1 at
25 °C and the activation energy of 21 kcal/mol. These characteristics suggest that the reaction rate may be
limited by cis-trans proline isomerization of Gln224–Pro225 or Pro225–Pro226, located at a loop near the ca-
rotenoid. NPQ decreases the functional absorption cross-section of Photosystem II, suggesting that formation
of the quenched centers reduces the ﬂux of absorbed energy from phycobilisomes to the reaction centers by
~50%.S, Phycobilisomes; NPQ, Non-
, Allophycocyanin; hECN, 3′-
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Cyanobacteria are prokaryotic organisms that were the ﬁrst to
evolve oxygenic photosynthesis more than 2.5 billion years ago [1].
Despite its key role for life on Earth, photosynthetic oxygen evolution
may pose a threat to an organism. Absorption of excess energy in
photosynthetic reaction centers leads to the production of reactive
oxygen species (ROS), including the superoxide radical (O2⁎−), hy-
drogen peroxide (H2O2), hydroxyl radical (HO⁎), and singlet oxygen
(
1
O2) [2]. The ﬁrst three are formed upon reduction of the O2 mole-
cule, while the formation of singlet oxygen is driven by interaction
of oxygen molecules with the triplet states of chlorophyll-a (Chl-a).
Interaction of ROS with cell tissue results in damage to all classes of
biomolecules, including lipids, proteins, and DNA [3].
Plants, eukaryotic algae, and cyanobacteria have evolved a num-
ber of photoprotective mechanisms that are activated under high
light conditions. On the scales of minutes to hours, photoprotective
mechanisms enhance thermal dissipation of absorbed energy toprevent oxidative damage to the photosynthetic apparatus, but the
molecular and biochemical mechanisms of NPQ differ between taxa.
In plants and green algae, the major component of NPQ, called
energy- or pH-dependent quenching, is induced by the trans-
membrane ΔpH generated by the photosynthetic electron transport
under excess light [4]. Thylakoid lumen having low pH triggers deep
oxidation of violaxanthin to zeaxanthin via an intermediate, anther-
axanthin (known as the xanthophyll cycle [5]), drives the protonation
of PsbS subunit [6], and induces conformational changes in LHCII that
signiﬁcantly increase thermal dissipation in the antenna complexes
[7]. Many species of Bacillariophyceae, Chloromonadophyceae, Chry-
sophyceae, Euglenophyceae, Xanthophyceae, and Dinophyceae ex-
hibit a similar light-stimulated conversion of diadinoxanthin to
diatoxanthin [8]. These mechanisms lead to a competing energy dissi-
pation pathway within the antenna that simultaneously reduces the
functional absorption cross section of the reaction centers.
Another NPQ mechanism is attributed to enhanced thermal dissi-
pation in the PSII reaction centers themselves. Excess light may lead
to accumulation of oxidized PSII reaction centers (P680+) that cap-
ture excitons as efﬁciently as open centers do, but then dissipate the
excitonic energy as heat [9,10]. Further, photoinhibition by supra-
optimal light results in degradation of the PSII reaction center protein,
D1, but enhances thermal dissipation in PSII centers [8]. Finally,
irradiance-induced phosphorylation of light-harvesting complexes
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to PSI, thereby diverting a portion of excitation ﬂux away from PSII
(the so-called “State-1 to State-2 transitions”) [11–13].
Cyanobacteria and eukaryotes have similar structures of the pho-
tosystems and the electron transport chain, but differ in the way the
light harvesting systems are organized. Most cyanobacteria utilize
large water–soluble light harvesting complexes, phycobilisomes
(PBS), which are bound to the surface of the thylakoid membrane
[14,15]. PBS consist of accessory pigments, called phycobilins, which
are structured in such a way that the absorbed energy is funneled
down the energy gradient from phycoerythrin (PE) to phycocyanin
(PC) to allophycocyanin (APC) and then via terminal emitters to the
inner Chl-a antenna [15,16] and to the reaction centers. While in
plants and eukaryotic algae the NPQ mechanisms act to dissipate ex-
cess energy directly from Chl-a, in cyanobacteria it leads to a compet-
ing energy dissipation pathway in APC [17–20].
Although the NPQ mechanisms in plants have been studied exten-
sively over the past two decades, a photoprotective mechanism in
cyanobacteria has only recently been discovered [17]. In contrast to
plants and eukaryotes, cyanobacteria lack both pH-dependent
quenching or the xanthophyll cycle. NPQ in cyanobacteria is induced
by blue-green light and mediated by a water-soluble orange caroten-
oid protein (OCP) [18,21,22]. This 35-kD protein contains a single
bound carotenoid, 3′ hydroxyechinenone, and has been found in
many species of cyanobacteria [23]. NPQ was not observed in the cya-
nobacteria lacking the OCP gene [18] or in OCP-deﬁcient mutants
[23], conﬁrming the key role of the OCP in the NPQ mechanism. The
action spectrum of NPQ [24] matches the absorption spectrum of 3′
hydroxyechinenone [25], suggesting that NPQ is sensitized by the ca-
rotenoid [24]. Studies on isolated OCP complexes [26] revealed that
the OCP acts as a light sensor that, upon illumination with blue-
green light, undergoes photoconversion from its dark stable, orange
form to the red active form due to a marked red shift in the absorp-
tion spectrum. The red OCP is apparently attached to PBS that results
in PBS core ﬂuorescence quenching [26,27]. The quenching may ei-
ther be due to conformational changes in PBS structure, caused by
OCP transformation, or via direct interaction of PBS chromophores
with OCP carotenoid [26,28]. The molecular and biochemical mecha-
nisms of this process remain largely unknown.
In this paper we test our hypothesis [29,30] that the formation of
the quenched state in cyanobacteria in vivo is a multistep process that
involves both photoinduced and dark reactions. We also test a hy-
pothesis [27] that, in dark adapted cells, the OCP is not attached to
PBS and, upon activation by blue-green light, becomes attached to
PBS and forms quenching centers. We propose a kinetic model for
this process and determine its photophysical, kinetic, and thermody-
namic characteristics, including the effective absorption cross-section
of NPQ photoactivation, the quantum yield, rates, and activation ener-
gy for the formation of the quenched states. We show that NPQ leads
to a decrease in the functional absorption cross section of photochem-
istry in PSII by reducing the ﬂux of absorbed energy from phycobili-
somes to the reaction centers.
2. Materials and methods
2.1. Strains and culture conditions
The wild type of freshwater cyanobacteria Synechocystis sp. PCC
6803, Anabaena ﬂosaquae UTEX B 1444, and Microcystis aeruginosa
UTEX B 2667 were grown at 25 °C in BG-11 medium [31]. The marine
cyanobacteria Synechococcus sp. CCMP 1379 and Synechococcus sp.
CCMP 2370, Synechocystis sp. CCMP843, and Trichodesmium sp.
IMS101 were grown at 25 °C in F/2 medium [32]. The cells were cul-
tivated for 5 to 7 days at 12 h/12 h light/dark cycle under continuous
white ﬂuorescent light (30 μmol photons m−2 s−1, 300 μmol pho-
tons m−2 s−1, and 600 μmol photons m−2 s−1).Synechocystis sp. PCC 6803 and Synechococcus sp. CCMP 1379 were
also grown under red light (central wavelength 640 nm, half-
bandwidth 30 nm, 300 μmol photons m−2 s−1) from a custom build
light-emitting diode lamp. Because in vitro the OCP can get attached
to PBS only after it is activated by strong blue-green light [33], we
used the red light grown cyanobacteria as a reference model for the
system with the OCP being unattached from PBS. We examined the
difference between the red and white light grown cells to elucidate
whether in a dark adapted state the OCP is attached to PBS or not.
2.2. Fluorescence measurements
Variable ﬂuorescence signals were measured using our custom-
built Fluorescence Induction and Relaxation (FIRe) System [34]. Fluo-
rescence was excited by radiation from orange (590 nm with 30 nm
half-bandwidth) or blue (450 nm with 30 nm half-bandwidth)
light-emitting diodes and recorded in the red spectral region
(680 nm with 20 nm bandwidth). The orange excitation source was
added to the FIRe instrument to provide selective excitation of phyco-
bilins. The diodes generate microsecond ﬂashes with the peak optical
power density up to 1 W/cm2 in the sample chamber to ensure fast
reduction of PSII reaction centers within a single photosynthetic turn-
over (from ca. 20 to 80 μs). Analysis of ﬂuorescence induction on the
microsecond time scale provides the minimum (Fo) and maximum
(Fm) ﬂuorescence yields, the quantum efﬁciency of photochemistry
in PSII (Fv/Fm), the functional absorption cross-section of PSII (σPSII)
[34]. NPQ was activated by a computer-controlled ambient light
source (470 nm, 30 nm half-bandwidth) with variable intensity rang-
ing from 10 μmol photons m−2 s−1 to 15,000 μmol photons
m−2 s−1. Three to ﬁve replicates were made for each experiment.
3. Results
3.1. Kinetics of NPQ
In order to determine the rates of NPQ induction, we monitored
dynamics of variable ﬂuorescence parameters, including Fm, Fo, and
σPSII, under exposure to strong blue (470 nm) actinic light (Figs. 1
and 2). The Chl-a ﬂuorescence yields were recorded in response to
microsecond measuring ﬂashes of orange light (590 nm).
In cyanobacteria, a change from dark to light can promote both a
State 2 to State 1 transition and NPQ [17,35]. While the ﬁrst process
acts at low light intensities and helps to balance the ﬂuxes of energy
to PSII and PSI [12,36], the second mechanism dissipates excess ener-
gy under high light. In order to separate NPQ from state transitions,
we pre-illuminated the dark adapted samples of cyanobacteria with
weak blue light (10 to 50 μmol quanta m−2 s−1) for 2 to 3 min.
This treatment caused a transition to State 1 [17] that was evident
from a characteristic rise in both Fo and Fm ﬂuorescence levels and a
proportional increase in the functional absorption cross-section of
PSII, σPSII (Fig. 1B). State 1 was retained during the rest of the exper-
imental protocol.
A subsequent exposure to strong blue light (N200 μmol quanta
m−2 s−1) induced the NPQ process that resulted in ca. 2 to 2.5
times quenching in Fm ﬂuorescence (Figs. 1A and 2A). This quenching
was accompanied with a dramatic decrease in σPSII (Figs. 1B and 2B)
that is indicative of NPQ occurring in the PSII light-harvesting anten-
nae [37,38]. The exposure to actinic blue light (200 μmol quanta
m−2 s−1) had little effect on photochemical quenching, qp, or on
the quantum yield of photochemistry in PSII, Fv′/Fm′, suggesting that
the observed NPQ was a true protective mechanism and not
photoinhibition.
Themagnitude of NPQwasminimal in low-light acclimated cells and
increasedwith growth irradiance. Themaximumvalues of Fm quenching
were 64% in Synechocystis sp. PCC 6803 and 62% in Synechococcus sp.
CCMP 1379 grown under high light (600 μmol quanta m−2 s−1). The
Fig. 1. Induction and recovery of blue light induced NPQ in the cyanobacteria, Synechocystis sp. PCC6803. (A) Kinetics of the maximum ﬂuorescence yield, Fm, (open squares) and the
minimum yield, Fo, (closed triangles) under exposure to 200 μmol quanta/m2/s of blue (470 nm) ambient illumination (HL). (B) Kinetics of the functional absorption cross-section
of PSII (σPSII). The insert in (B) shows the correlation between variations in the cross-section and Fm. Fluorescent was excited at 590 nm and recorded at 680 nm. The cell cultures
were grown under 300 μmol quanta/m2/s of white light.
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Synechococcus, respectively. The enhanced NPQ in high-light grown cya-
nobacteria is likely due to higher expression of the OCP [26].
The rate of NPQ induction accelerated strikingly with an increase
in photon ﬂux density of actinic blue light (Fig. 3). However, under
ultra-high actinic light (N5000 μmol quanta m−2 s−1), the rates ofFig. 2. Induction and recovery of blue light induced NPQ in the cyanobacteria, Synechococc
quanta/m2/s of blue (470 nm) ambient illumination (HL) in Synechococcus sp. CCMP 1379
in CCMP 2370. (B) Kinetics of the functional cross-section of PSII (σPSII) of Synechococcus
section and ﬂuorescence yield. The cell cultures were grown under 300 μmol quanta/m2/s oNPQ induction reached a plateau (Fig. 4) with the maximum values
of ~0.13 s−1 at 25 °C. Furthermore, the maximum achievable rates
decreased with a decrease in temperatures (see below).
Unexpectedly, the Fm′ ﬂuorescence (prime in Fm′ indicates mea-
surements under ambient light according to the accepted nomencla-
ture of variable ﬂuorescence) continued to decline even after theus sp. (A) Kinetics in the maximal ﬂuorescence yield under the exposure to 200 μmol
(open squares) and Synechococcus sp. CCMP 2370 (closed dots). Note the lack of NPQ
sp. CCMP 1379. The insert (B) shows the correlation between changes in the cross-
f white light.
Fig. 3. Effect of ambient light intensity on the rates of NPQ induction in Synechococcus sp. CCMP 1379 (A) and Synechocystis sp. PCC 6803 (B). Arrow indicates the increase in the
ambient light intensity as follows: 200 (closed squares), 400 (closed squares), 1600 (closed squares), 6500 (open diamonds) and 11 000 (open circles) μmol quanta/m2/s.
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(or post-illumination) phase of NPQ development was most pro-
nounced following a brief (1 to 5 s) exposure to strong blue light
(N5000 μmol quanta m−2 s−1) and was characterized with a fast in-
duction rate of approximately 0.2 s−1 for Synechococcus and 0.3 s−1
for Synechocystis at 25 °C. The magnitude of the dark phase of NPQ
was smaller than that of the preceding light phase and was depen-
dent on the duration and intensity of pre-illumination. However,
the rate constant for the dark phase was independent of the intensity
of pre-illumination. Inhibition of the electron transport in PSII with 3-
(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) had no effect on the
kinetics of NPQ development, including its dark phase.
The dependence of NPQ induction rates on the photon ﬂux density
with their saturation at highest intensities and the presence of “dark”
phase of NPQ development suggest the existence of an intermediate
state in a series of transformations from the dark to the quenching
state (see “Model” below).
The observedmagnitude of theNPQwasmaximalwhenﬂuorescence
was recorded in response to measuring ﬂashes of orange light that are
absorbed directly by PBS. However, it decreasedmarkedlywhen ﬂuores-
cence was recorded in response to measuring ﬂashes of blue light that
are absorbed by Chl-a (directly or via carotenoids). For example, the
maximum values of the NPQ parameter [=(Fm−Fm′)/Fm′] were as
high as 1.5 under excitation at the wavelength of 590 nm and only
0.47 under excitation at 450 nm (Fig. 6). This spectral dependence of
NPQ conﬁrms that the NPQ activates a competing energy dissipation
pathway in PBS.
The evolution of NPQ recovery (Figs. 1 and 2) was monitored
under weak continuous blue light (10 to 50 μmol quanta m−2 s−1)
to avoid a reverse transition from State 1 to State 2. The recovery
time for Fo, Fm, and σPSII was almost 2 orders of magnitude longer
than that of NPQ induction. The rates of NPQ recovery were virtually
independent of the preceding high light exposure (not shown). TheFig. 4. Rates of NPQ induction as a function of the intensity of ambient blue light for the
cyanobacteria, Synechococcus sp. CCMP 1379, for 25 °C.slow recovery rates are typical for cyanobacterial NPQ and are not as-
sociated with D1 damage or photoinhibition [17].
Among the species examined, Synechococcus CCMP 1379, Synecho-
cystis PCC 6803, A. ﬂosaquae sp. UTEX B 1444, and M. aeruginosa sp.
UTEX B 2667 were found to exhibit blue light induced NPQ, whereas
Synechococcus sp. CCMP2370 and Synechocystis sp. CCMP843, and Tri-
chodesmium sp. IMS101 lack NPQ. The absence of NPQ suggests that
these organisms lack the OCP gene [18]. The lack of NPQ in Trichodes-
mium is surprising because these major nitrogen-ﬁxing cyanobacteria
forms bloom at the surface of nutrient poor tropical and subtropical
oceans and may need photoprotection in the high light environment.
Fig. 2A (closed dots) shows an example of ﬂuorescence behavior in
Synechococcus sp. CCMP2370 with the state transitions observed
under low blue light and no NPQ under high light.
Therefore, our results revealed that NPQ in cyanobacteria is char-
acterized by fast induction rates, when cells are exposed to ultra-
high light, and a unique dark, post-illumination, phase of NPQ devel-
opment. We show below that these properties can be described by a
three-state kinetic model.3.2. Model of non-photochemical quenching in cyanobacteria
We propose the following 3-state model to describe the observed
kinetics of NPQ in cyanobacteria:
Here S0 is the dark stable state of the photoprotective system with
the OCP in its dark orange form; Si is the intermediate non-quenching
state; and SNPQ is the quenched state of the system. Because the OCP
and its conversion are the key components of the NPQ process, we
will refer S0, Si and SNPQ states to the different forms of OCP: dark sta-
ble orange (OCPo), intermediate non-quenching (OCPi), and quench-
ing red (OCPq), respectively. However, the overall NPQ efﬁciency in
vivo should ultimately depend not only on the OCP state, but also
on its interaction with PBS.
We further assume, for simplicity, that the transition from S0→Si
is irreversible on the short-term. A certain probability of the back re-
action Si→S0 would reduce the effective quantum yield of the
quenching state (SNPQ) formation, compared to the yield of Si forma-
tion, and the magnitude of the dark phase of NPQ.
Fig. 5. “Dark phase” of NPQ in Synechococcus sp. CCMP 1379 (A) and Synechocystis sp. PCC 6803 (B). Solid line is a ﬁt of the experimental data with the theoretical prediction, as
described in “Model”.
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lows:
d S0½ =dt ¼−Eσ S0½  þ k31 SNPQ
h i
ð1Þ
d Si½ =dt ¼ Eσ S0½ –k23 Si½  ð2Þ
d SNPQ
h i
=dt ¼ k23 Si½ −k31 SNPQ
h i
ð3Þ
S0½  þ Si½  þ SNPQ
h i
¼ 1 ð4Þ
where [S0], [Si], and [SNPQ] are the relative concentrations of S0, Si, and
SNPQ states, respectively. The rate of the light driven transition from S0
to Si is proportional to the product of the photon ﬂux density (E) and
the effective absorption cross-section (σ), whereas σ is the product of
the optical absorption cross-section (σopt) of the OCP carotenoid and
the quantum yield for forming the quenching centers. σ is a function
of the wavelength of actinic light (λ). When the light is not mono-
chromatic, σ in Eq. (1) is determined by the spectral convolution of
σ(λ) and E(λ). k23 is the rate of dark transition from Si and SNPQ, and
k31 is the rate of dark recovery of NPQ.
The maximum ﬂuorescence yield is expressed as:
Fm
’ ¼ Fm S0½  þ Si½ ð Þ þ FNPQ SNPQ
h i
ð5Þ
where Fm is maximal ﬂuorescence yield in a dark-adapted state; FNPQ
is the ﬂuorescence yield in the SNPQ state. The maximum capacity of
NPQ is deﬁned by the parameter NPQ=(Fm−FNPQ)/Fm. Below weFig. 6. The kinetics of chl-a ﬂuorescence quenching in the cyanobacteria, Synechococcus
sp. CCMP 1379, recorded under excitation by orange (590 nm) and blue (450 nm)
ﬂashes of measuring light. The quenching was induced by blue actinic light
(400 μmol quanta/m2/s).present analytical solutions of the system (Eqs. (1)–(5)) for the illu-
mination protocols used in our experiments.
3.2.1. NPQ induction under exposure to strong actinic light — light phase
Assuming that the recovery rate is much slower than the induc-
tion rate (k31bbEσ and k31bbk23), we obtain the following expres-
sion for the kinetics of ﬂuorescence yield:
Fm
′ ¼ Fm−FNPQ
 
Eσ= Eσ−k23ð Þexp −k23 tð Þ− k23= Eσ−k23ð Þexp −Eσ tð Þð  þ FNPQ:
h
ð6Þ
Eq. (6) can be further simpliﬁed for two extreme ranges of the
photon ﬂux density (weak and strong, respectively).
For the case of Eσbbk23, Eq. (6) is simpliﬁed to
Fm
′ ¼ Fm−FNPQ
 
exp −Eσ tð Þ þ o exp −k23 tð Þð Þ½  þ FNPQ ð7Þ
where o(…) is a relatively insigniﬁcant component. Hence, the rate of
Fm′ kinetics is proportional to the intensity of actinic light.
For the case of EσNNk23, Eq. (6) is simpliﬁed to
Fm
′ ¼ Fm−FNPQ
 
exp −k23 tð Þ þ o exp −Eσ tð Þð Þ½  þ FNPQ: ð8Þ
The rate of Fm′ kinetics is irradiance independent and is deter-
mined by the rate of dark formation of the quenching state.
3.2.2. Dark, post-illumination, phase of NPQ induction
The solution of Eqs. (1)–(3) for ﬂuorescence yield kinetics is given
as:
Fm
′ ¼ Fm′′−FNPQ
 
exp −k23 tð Þ þ FNPQ ð9Þ
where Fm″ is the ﬂuorescence level at the end of the preceding period
of strong illumination. Fig. 5 shows agreement of the experimental
data with the analytical solution (9).
3.2.3. NPQ recovery in darkness
On the assumption that the entire system is in the quenched state
([SNPQ]=1) at the beginning of dark recovery, the recovery in ﬂuores-
cence yield is given as:
Fm
′ ¼ Fm−FNPQ
 
1−exp −k31 tð Þ½  þ FNPQ: ð10Þ
Comparison of model predictions with the experimental data
revealed that our proposed model describes well the observed NPQ
kinetics in cyanobacteria, including the phenomenon of a “dark”
Fig. 7. Temperature dependences of the rate of formation of the quenching centers
(k23) for Synechocystis sp. PCC 6803 grown at low (LL, 30 μmol photons m−2 s−1)
and high (HL, 300 μmol photons m−2 s−1) white light. The data points were ﬁtted
with the Arrhenius equation.
Table 2
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tion rates at ultra-bright actinic light (Fig. 6). Furthermore, ﬁtting the
experimental proﬁles with the three-component kinetic model
allowed us to retrieve the photophysical characteristics of the NPQ
process.
3.3. Photophysical, kinetic, and thermodynamic characteristics of the
NPQ process
Table 1 shows the calculated cross-sections of NPQ photoactiva-
tion. These cross-sections are ~4 orders of magnitude smaller than
the cross sections of PSII photochemistry (60 to 80 Å2, Figs. 1 and
2). The comparison of the measured effective cross section (σ) and
the optical absorption cross section (σopt) of the OCP allowed us to
determine the quantum yield of the formation of the quenching cen-
ters (η=σ/σopt). The optical cross section of the OCP carotenoid
(σopt=4.6 Å2) was calculated from the molar extinction coefﬁcient
for echinenone, 119×103 L mol−1 cm−1 at 470 nm [39]. Assuming
that the carotenoid–protein interaction within the OCP has little ef-
fect on the optical cross-section in the blue spectral region, we esti-
mate the quantum yield for the formation of the quenching centers
in vivo as ~0.1%.
The rates of NPQ induction and recovery are temperature depen-
dent. We further examined the temperature dependence of the rate
constants (Fig. 7) and have determined thermodynamic characteris-
tics of the reaction. The temperature dependences of k23 followed
the exponential rise function (Fig. 7) and were ﬁtted with the Arrhe-
nius equation, k=A×exp(−Ea/RT), where A is the prefactor, Ea is the
activation energy of a reaction, R is the gas constant, and T is the ab-
solute temperature in kelvin. The analysis revealed that the activation
energy for the reaction of formation of the quenched centers was high
and independent on growth irradiance (21.8±1 kcal/mol for LL and
20.7±0.8 kcal/mol for HL). The temperature dependence of k31 (not
shown) revealed that the activation energy for the dark recovery re-
action is 27±1.5 kcal/mol.
3.4. Effect of growth irradiance on the rates of formation of quenching
centers
To elucidate whether, in a dark adapted state, the OCP is attached to
PBS or not, we compared the rates of dark formation of the quenching
centers (k23) in cyanobacteria grown under white and red light
(Table 2). The rates were calculated from the analysis of NPQ induction
proﬁles (Fig. 3) measured under exposure of dark adapted cells to
strong blue light (470 nm; 6000 μmol photons m−2 s−1). The red
light grown cells were also exposed to strong blue light for 30 s to
fully activate NPQ and then recovered in darkness for 30 min. Then
the NPQ induction kinetics was measured again and the k23 rates
were calculated (right column in Table 2). To avoid any activation of
the OCP prior to measurements, pre-illumination with weak blue light
(as shown in Fig. 1) was not employed in this experiment. The k23
rates were found to be signiﬁcantly faster (t-test, t-scoreb0.01) in the
red light grown cells than inwhite light cells (by ca. 50% in Synechocystis
and by 14% in Synechococcus). However, the values of k23 were not
signiﬁcantly different between the red light grown cells and the red
ones activated with blue light (t-test, t-score=0.30 for Synechocystis;Table 1
The effective absorption cross sections (σ) of NPQ photoactivation for the cyanobac-
teria Synechococcus sp. CCMP 1379 and Synechocystis sp. PCC 6803 measured at differ-
ent temperatures.
σ (Å2)
18 °C 23 °C
Synechococcus CCMP1379 4.6×10−3 (9%) 3.7×10−3 (19%)
Synechocystis PCC 6803 4.4×10−3 (16%) 5.0×10−3 (6%)t-score=0.35 for Synechococcus), suggesting that exposure of the red
light grown cells to strong blue light had no effect on the rates.4. Discussion
Cyanobacteria have evolved a unique photoprotective mechanism
to dissipate excess absorbed energy [17] that is induced by photoacti-
vation of the OCP [18,24] and leads to a competing energy dissipation
pathway in PBS [18–20]. Previous studies on isolated OCP complexes
suggested that photoconversion of the dark orange form of the OCP to
the red active form is the essential component of NPQ [26]. Our re-
sults provide direct evidence that the formation of the quenched
state in vivo is a multistep process that involves both light induced
and dark reactions. The presence of at least one intermediate state
in this process is evident from the saturation of NPQ induction rates
at ultra-high irradiance levels (Fig. 4) and the discovered dark
phase of NPQ development (Fig. 5). Our kinetic analysis of NPQ pro-
cess revealed that these phenomena can be described within the
framework of a 3-state kinetic model.
A 2-state model cannot explain the observed NPQ kinetics. For in-
stance, the 2-state ﬁrst-order kinetic model for the light-induced con-
version from S0 to SNPQ predicts that the rate of transition from S0 to
SNPQ would be proportional to the product of Eσ, with no saturation
at ultra-high levels of E. Also, the direct transition from S0 to SNPQ
would occur only under actinic light (EN0) and the NPQ kinetics
would not exhibit the dark phase.
The dark phase of NPQ development is unique to cyanobacteria. It
was observed both in wild-type cyanobacteria ([29] and this paper)
and the Synechocystis mutant lacking both photosystems [40].
Under strong actinic blue-green light the system ﬁrst transforms
from an initial state to an intermediate, yet non-quenching, state
and then relaxes to the quenching state. If the duration of strong
light exposure is shorter than the time of conversion from the inter-
mediate to the quenching form, then after the strong light is removed,The rates of dark formation of the quenching centers (k23) in the cyanobacteria Syne-
chococcus sp. CCMP 1379 and Synechocystis sp. PCC 6803 grown under white light
(left column), red light (middle), and in the cells grown under red light and then ex-
posed to strong blue light (right). Measurements were done at 27 °C.
k23 (s−1)
White light Red light Red light+blue
light activation
Synechococcus
CCMP1379
0.132 (6%) 0.150 (13%) 0.140 (14%)
Synechocystis PCC 6803 0.150 (5%) 0.21 (5%) 0.205 (5%)
Fig. 8. Aworking model for the rate-limiting reaction in the formation of the quenching
centers in cyanobacteria. (A) The crystal structure of the orange carotenoid protein
(PDB ID: 3MG1) from cyanobacteria, Synechocystis sp. PCC 6803. (B) Highly conserved
proline rich motif (QPPFQ) located at a loop near the carotenoid, 3′ hydroxyechine-
none. The light-induced conformational change in the carotenoid can trigger the cis-
trans isomerization in the QPPFQ motif. Nitrogen atom of Pro226 can accept hydrogen
bonds from a water molecule or potentially Gln228 upon conformational change. The
hydrogen bonds can effectively weaken a double bond characteristic of the peptide
bond, thereby allowing the cis-trans isomerization. Adjacent aromatic residue,
Phe227, can also potentially promote the transition by interacting with a pyrolidine
ring of proline.
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to dark relaxation from the intermediate state.
Our determined quantum yield for the formation of the quenching
centers in vivo (0.1%) is an order of magnitude smaller than the quan-
tum yield of OCPo to OCPr photoconversion in vitro (~1%) estimated
previously by using picosecond absorption spectroscopy [26]. This
difference can be explained by several mechanisms. First, the relative-
ly high quantum yield of picosecond photoconversion of the OCP may
be further reduced by back reactions in the OCP carotenoid (3′-hydro-
xyechinenone, hECN) on longer time scales. Second, formation of the
quenching state should involve both photoconversion of the caroten-
oid and conformation of the protein, thereby the carotenoid photo-
conversion may not necessary lead to the conformational change in
the OCP to its active meta-stable form. Finally, not all red active
OCPs may ultimately be involved in the quenching process. These re-
sults suggest that the photoconversion of the OCP to the red form
alone is not sufﬁcient for the formation of the quenching state in vivo.
Our measured rates for the formation of the quenching centers in
vivo (k23) appear to be much slower than the typical rates of the con-
formation changes in proteins, except of the slowest phases of protein
folding that involve proline isomerization [41,42]. This suggests that
the formation of the quenching centers in vivo requires both confor-
mation changes in the OCP and its coupling to the PBS, thus support-
ing the hypothesis of [27] that in darkness the OCP is not attached to
the PBS.
Further evidence to support this hypothesis comes from our com-
parison of the rates for the formation of quenching centers measured
in cyanobacteria grown under white and red light (Table 2). In vitro
studies on isolated PBS and OCP revealed that the OCP can get at-
tached to PBS and form stable OCP–PBS complexes only after the
OCP is activated by strong blue-green light and converted to the
red, active, form [33]. Therefore, we examined the cells grow in the
absence of blue-green light (i.e., under red light) as a reference
model for the system with the OCP being unattached from PBS and
compared these with the white light grown cells. If under normal
white light conditions the OCP would be permanently attached to
PBS and formation of the quenching centers would only require a
conformational change in the OCP (Hypothesis 1), then the rate of
the dark formation of the quenching centers (k23) would be faster
in the white grown cyanobacteria than in the red grown cells. The dif-
ference in the rates will be determined by the time required for the
OCP to get attached to PBS. Furthermore, activation of red light
grown cells with strong blue-green light would promote permanent
attachment of the OCP to PBS and, hence, increase k23. In contrast, if
under normal in vivo conditions the OCP stays unattached from PBS
in darkness (Hypothesis 2), then the rate k23 should be the same in
the red and white light grown cells. Also, the activation of the red
light grown cells with strong blue-green light should have no effect
on k23. Our data revealed that growing the cyanobacteria under red
light does not increase k23 (Table 2). Also, activation of the red
grown cells with strong blue-green light had no effect on k23
(Table 2). These results disprove the Hypothesis 1 and strongly sug-
gest that the OCP is unattached to PBS in darkness and, upon expo-
sure to strong blue-green light, attaches to PBS to form the
quenching center.
The structure of the OCP has been found to be similar to other sen-
sor proteins with a multi-step reversible photocycle, such as Photoac-
tive Yellow Protein (PYP) and Light, Oxygen, and Voltage (LOV)
sensitive domains [28]. Our kinetic data support the presence of a
similar photocycle in the OCP. Thereby, the light induced conversion
from S0 to Si states represents photoconversion of the carotenoid,
hECN, whereas the dark reaction Si to SNPQ involves conformation
changes in the OCP and its subsequent coupling to PBS. The latter ul-
timately leads to the formation of the quenching state in vivo.
While the OCP is in the active state SNPQ, the excitonic energy is ef-
fectively transferred away from APC that ultimately suppresses theenergy pathway from PBS to Chl-a and reaction centers. The exact
site of the quenching and the molecular role of OCP in this process
are yet unknown. One possible explanation is that the conformational
changes in the OCP and its coupling to PBS may cause structural and
energetic changes in the PBS core, thus leading to enhanced thermal
dissipation in APC. Another possibility is the direct excitonic energy
transfer from PBS chromophores to the active form of hECN, with sub-
sequent thermal dissipation [27,28].
Thermal dissipation in the pigment bed, coupled with the xantho-
phyll cycle, is thought to be the dominant mechanism of NPQ in
plants [43,6], green and brown algae [8]. Biophysical models predict
that ﬂuorescence quenching should be accompanied by a proportion-
al decrease in the functional absorption cross section of PSII (σPSII)
[37,38]. In contrast, when thermal dissipation occurs in reaction cen-
ters (e.g. when photoinhibition damages a fraction of the centers and
converts them from photochemically active traps to thermal
quenchers), the magnitude of variable ﬂuorescence (Fv/Fm) decreases,
but the effective cross-section of active centers remains unaltered, or
can increase due to spillover from neighboring antennae. Therefore,
thermal dissipation in the reaction centers should quench ﬂuores-
cence without a change in σPSII [38,44,45]. In natural populations of
phytoplankton, thermal dissipation in both antenna and reaction cen-
ters contribute to NPQ [44,45]. NPQ of Fm ﬂuorescence in cyanobac-
teria is accompanied with a proportional decrease in σPSII (by ~30 to
40% in low-light acclimated cultures of Synechococcus and Synecho-
cystis, and ~52% in high-light acclimated cells), suggesting that the
energy dissipation pathway in the light-harvesting antenna drives
NPQ in cyanobacteria.
h v k23
OCP OCP OCP
PSII
APC
Fig. 9.Model for the formation of the quenching centers in cyanobacteria. (1) Under low light conditions (or in darkness) the OCP is in the orange form (OCPo) and is not attached or
weakly coupled to PBS; (2) actinic blue-green light induces conversion of the OCP into the red form (OCPr), yet no quenching occurs; (3) conformational changes in the OCPr and its
attachment to the PBS core result in formation of the quenching state (OCPq). Vertical arrows show the ﬂux of absorbed energy from APC to the PSII core; a horizontal arrow in the
right panel — a competing pathway of energy dissipation to the OCP.
1598 M.Y. Gorbunov et al. / Biochimica et Biophysica Acta 1807 (2011) 1591–1599Changes in the functional absorption cross section of PSII provide a
direct quantitative measure of the alterations in the ﬂux of absorbed
energy to the reaction centers. Although NPQ is routinely estimated
from a decrease in chlorophyll ﬂuorescence yields, in cyanobacteria
this approach may be compromised by strong spectral overlapping
between chlorophyll a and APC ﬂuorescence bands. For example,
when fraction of PBS is uncoupled from the PSII core, the OPC-
triggered NPQ of the PBS ﬂuorescence will be signiﬁcantly enhanced,
however, it will not affect the ﬂux of energy to the reaction centers.
Although the previous comparison of the light saturation curves of
the PSII activity [18,46] implied that the effective PSII antennae size
could be smaller in cells in the quenched state, our measurements
of the functional cross sections of PSII are the ﬁrst direct and quanti-
tative evidence that the OCP-triggered NPQ reduces the ﬂux of
absorbed light energy from PBS to reaction centers. Assuming that
the amount of OCP synthesized under high growth irradiance is sufﬁ-
cient to provide quenchers to all phycobilisomes [33], our data sug-
gest that NPQ reduces the ﬂux of absorbed light energy from PBS to
reaction centers by ~52%.
The rate of dark conversion (k23) to the quenched state is fast
(seconds) over the range of physiological temperatures (Fig. 7), en-
suring rapid induction of NPQ upon an increase in irradiance. Howev-
er, due to a very small cross section of the OCP photoconversion to the
quenching state (Table 1), maximum rates of NPQ induction can only
be achieved under ultra-high irradiance (N5000 μmol photons
m−2 s−1) that greatly exceeds full sunlight. Rapid induction of NPQ
provides photoprotection necessary to prevent oxidative damage to
the photosynthetic apparatus and may have an important physiolog-
ical role in ﬂuctuating light environments, such as in a vertically
mixed water column or under cloudy skies, but slow dark relaxation
of NPQ prevents a rapid recovery of the efﬁciency of photosynthetic
energy conversion.
Our determined kinetic and thermodynamic characteristics of the
NPQ process provide insight into the nature of the reaction that limits
the rate of formation of the quenched state. The activation energy of
~20 kcal/mol and the rates of ~0.1 s−1 are a ﬁngerprint of prolyl
cis-trans isomerization, a rate-limiting step in the process of protein
folding [41,42]. Typically, the cis peptide is energetically unfavorable
[47], and roughly occurs only 0.05% of the time [48]. However, the en-
ergetic penalty of isomerization is as low as ~2 kcal/mol for peptidyl-
prolyl imide bond, and therefore proline can exist in a cis peptide con-
formation [49].
Our analysis of the OCP sequences [50] and the OCP crystal struc-
ture [51,52] revealed a highly conserved proline rich motif (QPPFQ)
near the carotenoid and the distance from nitrogen atom to a methyl
group of the carotenoid is 5 Å for both Pro225 and Pro226. Cis-pep-
tides are far more frequently observed in a loop or turn region and
rarely occurs in α helix or β sheet [53]. The motif we discovered isalso located at a loop and the isomerization would be allowed with-
out disturbing the global structure. We propose that the light-
induced conformation in the hECN carotenoid triggers a cis-trans
isomerization of peptidyl prolyl imide bonds, either Gln224–Pro225
or Pro225–Pro226 in the loop, yet the precise mechanism remains
to be elucidated (Fig. 8).
Our kinetic data clearly demonstrated that the formation of the
quenching centers in vivo is a multistep process that involves both
light and dark reactions and this reaction sequence can be described
within the framework of the 3-state model shown in Fig. 9. The re-
sults suggest that under low light conditions the OCP is in the orange
form (OCPo) and is not attached (or weakly coupled) to PBS. Actinic
blue-green light induces conversion of the OCP into the red form
(OCPr), however, formation of the quenched state (OCPq) requires
conformational changes in the OCP and its attachment to the PBS
core.
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